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Introduction {#sec1}
============

Mesenchymal stem/stromal cell (MSC)-based therapeutic intervention has become an emerging strategy for immune modulation, and therefore MSCs have been exploited in a variety of clinical trials for immune-mediated disorders, including autoimmune diseases. Although the exact mechanisms underlying the immunomodulatory functions of MSCs remain largely unknown, MSCs have shown suppressive effects on many types of immune cells in vitro and in vivo. For example, it has been demonstrated that MSCs directly suppress T cell activation/proliferation and induce T cell apoptosis by expressing nitric oxide (NO), indoleamine 2,3, dioxygenase (IDO), programmed death ligand 1 (PD-L1), or Fas ligand ([@bib1], [@bib3], [@bib26], [@bib37], [@bib40], [@bib42], [@bib53], [@bib59]). Also, MSCs have been shown to affect differentiation, maturation, and function of antigen-presenting cells (APCs), including dendritic cells (DCs) and macrophages, which results in conversion of APCs into a suppressive or tolerogenic phenotype ([@bib4], [@bib10], [@bib14], [@bib23], [@bib32], [@bib41], [@bib54], [@bib61], [@bib62]).

Although MSC therapies are safe compared with embryonic stem cells or induced pluripotent stem cells, which have tumorigenic potential, there are still concerns that MSCs might trigger tumorigenicity, allo-immune responses, and pulmonary embolism in a clinical setting ([@bib6], [@bib8], [@bib11], [@bib19], [@bib21], [@bib25]). In line with these clinical findings, we and others observed that intravenous administration of MSCs caused embolism and death in several mice ([@bib17], [@bib36], [@bib55]). Therefore, the long-term safety of MSC administration in human patients requires further investigation.

Accumulating evidence indicates that treatment using extracellular vesicles (EVs) have multiple advantages over cell therapy, because EVs are stable in the circulation without losing function and exhibit a superior safety profile ([@bib56]). In particular, MSCs are an attractive source of EVs because they secrete a large number of therapeutic factors, including cytokines, chemokines, and microRNAs in EVs ([@bib2], [@bib7], [@bib26], [@bib37], [@bib42], [@bib49], [@bib50], [@bib53], [@bib59]). In addition, since MSCs have a remarkable tendency to home to injured tissues ([@bib27], [@bib47], [@bib52]), the EVs produced by MSCs may retain the homing properties of their parent cells ([@bib20], [@bib33]). Indeed, a number of studies have shown that EVs produced by MSCs exert their therapeutic effects in several disease models ([@bib13], [@bib16], [@bib18], [@bib43], [@bib46], [@bib51], [@bib56], [@bib60]), suggesting that MSC-derived EVs may be a promising alternative to cell therapy for immune-mediated diseases.

Our group has previously demonstrated that MSCs induce immune tolerance by activating the endogenous immune regulatory system of the recipients and thereby suppress autoimmune responses in models of type 1 diabetes (T1D) ([@bib31]) and experimental autoimmune uveoretinitis (EAU) ([@bib30], [@bib39], [@bib45]). Therefore, here, we investigated whether MSC-derived EVs are as effective in modulating immune responses as MSCs in two models for autoimmune diseases: T1D and EAU.

Results {#sec2}
=======

MSC-Derived EVs Delay the Onset of T1D in Mice {#sec2.1}
----------------------------------------------

Since we have previously shown immunosuppressive capacity of MSCs in T1D, we tested whether EVs produced by MSCs reproduce immune modulatory effects in mice with T1D. To induce an adoptive transfer T1D model, we intravenously infused splenocytes isolated from 12-week-old female NOD mice into 7-week-old female NOD/*scid* mice ([Figure 1](#fig1){ref-type="fig"}A). To test the effects of MSC-derived EVs, we injected either (1) MSC-derived EVs (3 μg or 30 μg containing 15 × 10^8^ or 15 × 10^9^ EVs per mouse) or their vehicle control (PBS) or (2) MSCs (1 × 10^6^ cells per mouse, donor \#6015, the same lot of MSCs from which the EVs were produced) or their vehicle control (Hank's balanced salt solution \[HBSS\]) into the tail vein right after adoptive splenocyte transfer. Mice received an additional treatment at day 4 as shown in [Figure 1](#fig1){ref-type="fig"}A. Recipient NOD/*scid* mice were monitored for hyperglycemia twice a week, and development of diabetes was defined as the mouse having a glycemic value \>250 mg/dL. As shown in [Figure 1](#fig1){ref-type="fig"}B, both MSC-derived EVs and MSCs significantly delayed the onset of T1D in an adoptive transfer T1D model. Histologic analysis revealed that most of the islets were already destroyed at day 58, and the remaining islets showed severe insulitis in the PBS-treated mice ([Figures 2](#fig2){ref-type="fig"}A, 2B, and 2D). In contrast, administration of MSC-derived EVs or MSCs suppressed insulitis and preserved insulin-producing cells in the islets ([Figures 2](#fig2){ref-type="fig"}A, 2B, and 2D). In addition, there were fewer CD4^+^ cells in islets of EV- or MSC-treated mice, while CD4^+^ cells were present in significant numbers in the PBS-treated mouse islets ([Figure 2](#fig2){ref-type="fig"}D). Consistent with these histologic results, the plasma levels of insulin were significantly increased by treatment with either EVs or MSCs ([Figure 2](#fig2){ref-type="fig"}C). These results demonstrated that MSC-derived EVs were as effective in delaying the onset of T1D in mice as MSCs.

MSC-Derived EVs Prevent Development of EAU {#sec2.2}
------------------------------------------

In parallel experiments, we tested the effects of MSC-derived EVs in a mouse model of EAU ([@bib30]), a well-established model for human autoimmune intraocular inflammation, and compared them with the effects of MSCs. Immediately after EAU immunization (day 0), we administered (1) MSC-derived EVs (30 μg containing 15 × 10^9^ EVs per mouse), (2) MSCs (1 × 10^6^ cells per mouse, donor \#6015, the same lot of MSCs from which EVs were produced), or (3) their vehicle control (PBS) through tail-vein injection ([Figure 3](#fig3){ref-type="fig"}A). The mice were killed on day 21, and the eyes and cervical draining lymph nodes (CLNs) were assayed. We selected to use day 21 for evaluation because in previous time-course experiments, we found that both retinal destruction and T helper 1 (Th1)/Th17 activation in CLNs were at their peak ([Figure S1](#mmc1){ref-type="supplementary-material"}). Retinal cross-sections on day 21 showed severe disruption of the retinal photoreceptor layer and infiltration of inflammatory cells, including CD3^+^ T cells in the retina and vitreous cavity in EAU mice treated with PBS ([Figures 3](#fig3){ref-type="fig"}B and 3C). In contrast, there was little structural damage with few inflammatory infiltrates in the eyes of EAU mice that received MSCs or MSC-derived EVs, similar to the normal retina without EAU induction ([Figure 3](#fig3){ref-type="fig"}B). The disease score assigned by retinal pathology was significantly lower in MSC- or MSC-derived EV-treated mice compared with the PBS-treated mice ([Figure 3](#fig3){ref-type="fig"}B). Also, the number of CD3^+^ T cells infiltrating the retina was significantly reduced by either MSCs or MSC-derived EVs ([Figure 3](#fig3){ref-type="fig"}C). There were no differences in the disease score and the number of infiltrating CD3^+^ cells between MSC-derived EV- and MSC-treated groups.

Similarly, the transcript levels of pro-inflammatory cytokines, interferon gamma (IFN-γ), interleukin (IL)-17A, IL-2, IL-1β, IL-6, and IL-12A were significantly lower in the eyes of mice in the MSC- or MSC-derived EV-treated group compared with the PBS-treated controls ([Figure 4](#fig4){ref-type="fig"}A). However, the mRNA levels of IL-4 and IL-10 were not affected by the treatment ([Figure 4](#fig4){ref-type="fig"}A). The effects of MSC-derived EVs in the reduction of inflammatory markers were comparable with those of MSCs. In addition, flow cytometric assays of CLNs revealed that the number of IFN-γ^+^CD4^+^ cells and IL-17^+^CD4^+^ cells was significantly lower in MSC- or MSC-derived EV-treated mice than in the PBS-treated mice ([Figure 4](#fig4){ref-type="fig"}B). The number of FOXP3^+^ regulatory T cells (Tregs) was not different in all groups ([Figure S2](#mmc1){ref-type="supplementary-material"}). Together, these data indicate that MSC-derived EVs are as effective in suppressing Th1 and Th17 cells and preventing the development of EAU as their parent cells.

MSC-Derived EVs Suppress T Cell Proliferation in Allogeneic Mixed Lymphocyte Reaction {#sec2.3}
-------------------------------------------------------------------------------------

To understand the underlying mechanism of MSC-derived EVs in modulating the immune response, we next examined the effects of MSC-derived EVs on immune-cell activation using allogeneic mixed lymphocyte reaction (MLR) assays. Consistent with our previous observation with MSCs ([@bib31]), MSC-derived EVs significantly reduced the production of IFN-γ, IL-12 p70, and tumor necrosis factor alpha (TNF-α) in the MLR ([Figure 5](#fig5){ref-type="fig"}A), suggesting that MSC-derived EVs suppress Th1 development. In addition, MSC-derived EVs significantly suppressed production of IL-6, a key cytokine for the lineage commitment of pathogenic IL-17 producing Th17 cells ([@bib29]), as well as IL-17 in the MLR, indicating that MSC-derived EVs also suppress Th17 development ([Figure 5](#fig5){ref-type="fig"}B). We further examined whether the MSC-derived EVs suppress Th1 and Th17 development by inducing Tregs. However, there was no increase in FOXP3^+^ Tregs on day 6 of the MLR ([Figure 5](#fig5){ref-type="fig"}C) and IL-10, a cytokine that induces Tregs, on day 5 of the MLR ([Figure 5](#fig5){ref-type="fig"}D), indicating that the EVs suppressed T cell proliferation by directly inhibiting Th1 and Th17 development, not by inducing Tregs.

MSC-Derived EVs Suppress Activation of APCs and T Cells {#sec2.4}
-------------------------------------------------------

To investigate the effects of EVs on APC activation, we examined the expression of costimulatory factors (CD80, CD86, and CD40) and major histocompatibility complex (MHC) class II in APCs cultured in the presence of EVs. The results showed that EV treatment suppressed the expression of costimulatory factors and MHC class II in CD11c^+^ cells on day 2 of the MLR in a dose-dependent manner ([Figures 6](#fig6){ref-type="fig"}A, 6B, and 6C). Also, the MSC-derived EV treatment significantly increased the levels of IL-10 on day 2 of the MLR ([Figure 6](#fig6){ref-type="fig"}D). To examine whether EVs directly suppress APC activation, we repeated the MLR with whole splenocytes isolated from BALB/c mice as stimulator cells and only CD11c^+^ cells isolated from C57BL/6 mouse splenocytes as responder cells. As shown in [Figure 6](#fig6){ref-type="fig"}E, EV treatment still suppressed the expression of costimulatory factors and MHC class II in CD11c^+^ cells. These data suggest that APCs exhibit a hypoactive phenotype, including the suppressed allorecognition, and thereby suppress subsequent T cell proliferation in the MLR. To further examine whether the EVs also directly inhibit T cell activation, we isolated CD4^+^ T cells from mouse splenocytes and stimulated them with CD3/CD28 beads. The results showed that EV treatment also suppressed T cell activation as indicated by decreased levels of IL-2 and IFN-γ ([Figure 6](#fig6){ref-type="fig"}F). Together, these data suggest that the EVs suppress activation of both APCs and T cells in the MLR.

Discussion {#sec3}
==========

Here, we demonstrate the therapeutic potential of MSC-derived EVs in two mouse models of autoimmune diseases involving the pancreas and the eye. Consistent with our previous observations with MSCs ([@bib30], [@bib31]), MSC-derived EVs suppressed Th1 development and inhibited activation of APCs and T cells. In addition, they also increased expression of the immunosuppressive cytokine IL-10 and suppressed Th17 cell development. IL-10 has been considered an immunosuppressive cytokine because of its association with multiple suppressive immune-cell populations, such as Tregs and regulatory DCs, as well as its inhibition of antigen presentation and immune-cell activation ([@bib48], [@bib63]). Given our results of increased IL-10 and the hypoactive phenotype of DCs at the early time point of the MLR (day 2), MSC-derived EVs might induce IL-10-expressing regulatory DCs, and thereby, regulatory DCs subsequently suppress Th1 and Th17 cell development without inducing Tregs. Furthermore, Th1 cytokine production is characteristic of many organ-specific autoimmune diseases ([@bib5], [@bib15], [@bib24], [@bib58]), and IL-17A and/or IL-17F are responsible for development of inflammation in many disorders, especially in autoimmune diseases ([@bib9], [@bib22], [@bib34], [@bib44]). Therefore, our data raise the possibility that MSC-derived EVs might be beneficial for treating autoimmune diseases where Th1 and Th17 cells play a critical role.

The immunosuppressive effect of MSCs is mediated by a range of immunosuppressive mediators such as NO, IDO, prostaglandin E2 (PGE2), TNF-α-simulated gene 6 (TSG-6), CCL-2, or PD-L1 ([@bib2], [@bib26], [@bib37], [@bib42], [@bib50], [@bib53], [@bib59]). Since MSCs need to be activated to increase the expression of these therapeutic factors by inflammatory cytokines such as TNF-α or IFN-γ ([@bib35], [@bib59]), EVs isolated from unactivated MSCs are likely to express lower levels of therapeutic factors. To obtain EVs for our study, we incubated MSCs in a chemically defined protein-free medium, which activates MSCs to increase therapeutic proteins, including TSG-6, and also provides a stable environment for producing EVs ([@bib28]). Therefore, the EVs produced in our study might have advantages over the EVs produced by unactivated MSCs. Moreover, MSCs cultured in serum-free media would be ideal for a clinical-grade therapeutic product.

However, there are still some challenges that need to be addressed in order for our findings to be developed as an effective treatment for autoimmunity prevention. First, although islet function was preserved in the EV-treated mice, decreased β cell mass in association with insulitis was still observed in the EV-treated mice as shown in [Figures 2](#fig2){ref-type="fig"}A and 2B, suggesting that further study is needed to optimize the injection frequency and dose to maintain the long-lasting immunomodulation effects of EVs. Furthermore, the main problem with MSC-derived EV-based therapy is that EVs are highly heterogeneous, depending on the cellular source, state, and environmental conditions. Our previous study showed that MSCs isolated from different donors exhibit huge variation in their therapeutic efficacy in suppressing inflammation in vivo, and some MSCs even fail to show any therapeutic effects in sterile inflammation-mediated disease models ([@bib38]). But, we found that the therapeutic efficacy of MSCs in suppressing sterile inflammation correlates with the TSG-6 mRNA level in MSCs ([@bib38]). Therefore, we selected MSCs expressing a high level of TSG-6 to prepare EVs for the current study, considering the marked donor variation of their therapeutic efficacy in vivo. However, further study is needed to investigate whether therapeutic efficacy of MSC-derived EVs correlates with their parent cells, and the TSG-6 level in MSCs can also be used as a biomarker to select the cell source for EV production. Hence, pre-selecting the most effective cellular source for EV production will help to avoid variation in the therapeutic efficacy of MSC-derived EVs and is essential for successful clinical translation. Lastly, defining the therapeutic factors responsible for the immunomodulation effect in EVs will also help to develop a biomarker to select the effective cellular source for EV preparation and provide a strategy to maximize their therapeutic efficacy, for example, by manipulating the cellular source of EVs by overexpressing the defined therapeutic factors.

In conclusion, our study shows that MSC-derived EVs have significant potential as an alternative to cell therapy for autoimmune diseases prevention.

Experimental Procedures {#sec4}
=======================

MSC Culture and Isolation of MSC-Derived EVs {#sec4.1}
--------------------------------------------

Human MSCs (donor \#6015) were prepared as previously described ([@bib35]) and EVs derived from MSCs were prepared as previously described ([@bib28]). In brief, a frozen vial of passage 3 to 4 MSCs was plated directly at about 200--500 cells per cm^2^ in tissue culture plates in complete culture medium (CCM). CCM was replaced after 2--3 days. After the cells reached about 70% confluency in 4--6 days, the MSCs were either harvested for mouse injections or incubated with a medium optimized for Chinese hamster ovary cells (CD-CHO Medium; Invitrogen; Thermo Fisher Scientific) with additional supplements ([@bib28]) for EV production. After 6 hr, the medium was discarded and replaced by fresh medium and recovered at 48 hr to isolate EVs. For isolation of EVs, the medium was centrifuged at 2,565 × *g* for 15 min to remove cellular debris, and the supernatant was applied directly at room temperature to a column containing anion exchange resin (Express Q; cat. no. 4079302; Whatman; 100-mL bed volume) that had been equilibrated with 50 mM NaCl in 50 mM Tris buffer (pH 8.0). The medium was applied at a flow rate of 4 mL/min and at room temperature. The column resin was washed with 10 volumes of the equilibration buffer and then eluted with 25 volumes of 500 mM NaCl in 50 mM Tris buffer (pH 8.0). Fractions of 20--30 mL were collected and stored at −80°C before the in vitro and in vivo assays. The EVs in the peak fractions were positive for the exosome markers, CD63 and CD81, but negative for 11 other epitopes found on the MSCs from which they were recovered ([@bib28]). Also, they were about 100 nm in diameter ([@bib28]).

Adoptive Transfer T1D Mouse Model {#sec4.2}
---------------------------------

Female NOD/LtJ (12 weeks old) and female NOD/*scid* mice (7 weeks old) were used for the adoptive transfer model. All mice were purchased from Jackson Laboratory and cared for at the Scott & White Department of Comparative Medicine under a protocol approved by the Institutional Animal Care and Use Committee. To induce an adoptive transfer in the T1D model, 1 × 10^7^ splenocytes from pre-diabetic 12-week-old female NOD mice were intravenously injected into 7-week-old female NOD/*scid* mice. MSCs (1 × 10^6^, \#6015, the same lot of MSCs from which the EVs were produced), EVs (15 × 10^9^ or 30 μg), or vehicle control were injected intravenously twice at 15 min and on day 4 after splenocyte transfer. Blood glucose levels were measured twice a week by tail bleeding according to NIH guidelines, and diabetes in mice was defined as having the two consecutive glycemic values above 250 mg/dL.

Pancreas Histologic Analysis after Adaptive Transfer in the T1D Model {#sec4.3}
---------------------------------------------------------------------

Serial pancreatic sections (5 μm) were prepared from at least three mice per group. Every 20^th^ section (n = 5) was stained with H&E, and the islet number per section (about 50 mm^2^ area) was quantified. Insulitis scoring was performed on H&E-stained pancreatic sections as we have shown previously ([@bib31]). Briefly, insulitis was scored as follows: score 0, normal islets; score 1, mild mononuclear infiltration (\<25%) at the periphery; score 2, 25%--50% of the islets infiltrated; score 3, \>50% of the islets infiltrated; score 4, islets completely infiltrated with no residual parenchyma remaining. The insulitis scores were presented as the proportion of islets in each scoring category and means as shown previously ([@bib57]). For immunofluorescence, the sections were incubated for 18 hr at 4°C with antibodies against mouse insulin (1:100, clone C27C9; catalog no. 3014; Cell Signaling Technology) and mouse CD4 (1:100, YTS191.1; catalog no. MCA1767; Bio-Rad Laboratories).

EAU Mouse Model {#sec4.4}
---------------

The experimental protocols were approved by the Institutional Animal Care and Use Committee of Seoul National University Biomedical Research Institute (IACUC No. 13-0104-C1A1). Six-week-old female B6 mice (C57BL/6J, H-2b; Orient Bio) were immunized by subcutaneous injection into a footpad of the retina-specific antigen, interphotoreceptor retinal binding protein (IRBP) peptide 1--20, GPTHLFQPSLVLDMAKVLLD (250 μg; Peptron) emulsified in complete Freund adjuvant (Sigma-Aldrich) containing *Mycobacterium tuberculosis* (2.5 mg/mL; BD Difco). Simultaneously, the mice received an intraperitoneal injection of 0.7 μg pertussis toxin (300 μL; Sigma-Aldrich). Immediately after immunization, MSC-derived EVs (15 × 10^9^ or 30 μg of EVs) in 150 μL of PBS, 1 × 10^6^ MSCs (\#6015, the same lot of MSCs from which EVs were produced) in 150 μL of PBS, or the same volume of PBS were injected via tail vein into the mice.

Eyeball Histology {#sec4.5}
-----------------

Twenty-one days later, the mice were killed and the eyeballs were collected for the assays. Eyeballs were subjected to histologic and molecular assays. For histology, the eyeballs were fixed in 10% formaldehyde and embedded in paraffin. Serial 4 μm thick sections were cut and stained with H&E and CD3 immunohistochemical staining. For CD3 immunohistochemical staining, a rabbit anti-mouse CD3 (catalog no. ab5690; Abcam) was used as a primary antibody. The pathologic features of the retina were examined, and histologic disease score was assessed by two independent observers (J.Y.O. and T.W.K.) in a blinded manner on a scale of 0--4 using the criteria defined previously by [@bib12]. The number of CD3-stained cells was calculated under a microscope using a ×20 objective.

Allogeneic Mixed Lymphocyte Reaction {#sec4.6}
------------------------------------

MSCs or EVs were co-cultured in 96-well plates with splenocytes from BALB/c mice (0.3 M cells/well) and C57BL/6 mice (0.6 M cells/well) in 5% heat-inactivated FBS (Atlanta Biologicals) plus 100 units/mL penicillin and 100 mg/mL streptomycin (pen/strep; both from Life Technologies) in RPMI-1640 medium (ATCC). All mice were purchased from Jackson Laboratory. MSCs and splenocytes from BALB/c mice were pretreated with mitomycin (2.5 mg/mL for 2 hr at 37°C; Sigma-Aldrich) before co-culture. Two days or five days later, mouse cytokine expression was measured by real-time PCR assays or ELISAs according to the manufacturer\'s protocols.

Isolation and Activation of T Cells {#sec4.7}
-----------------------------------

CD4^+^ T cells were isolated from splenocytes from BALB/c mice by a CD4^+^ T Cell Isolation Kit II (Miltenyi Biotec) according to the manufacturer\'s protocol. The CD4^+^ T cells were cultured in 96-well plates with CD3/CD28 beads (Life Technologies) with or without EVs in RPMI-1640 medium containing 5% heat-inactivated FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin. Two days later, the levels of Th1 cytokines were detected by ELISA according to the manufacturer\'s protocols.

Flow Cytometry Analysis {#sec4.8}
-----------------------

CLNs from mice were analyzed for Th1, Th17, and Tregs by flow cytometry at 21 days after EAU induction. For flow cytometry, CLNs were minced between the frosted ends of two glass slides to obtain a single-cell suspension in RPMI-1640 medium (WelGENE) containing 10% FBS (Gibco; Life Technologies). The cells were stained with fluorescence-conjugated anti-mouse antibodies against CD4 (catalog no. 25-0041; eBioscience), FOXP3 (catalog no. 53-5773; eBioscience), IL-17A (catalog no. 560184; BD Biosciences), and IFN-γ (catalog no. 554412; XMG1.2; BD Biosciences), and their isotype control antibodies were used as a negative control. For intracellular staining, the cells were stimulated for 5 hr with 50 ng/mL phorbol myristate acetate and 1 μg/mL ionomycin in the presence of GolgiPlug (BD Pharmingen) and stained. The cells were then assayed for fluorescence using an S1000EXi Flow Cytometer (Stratedigm). Data were analyzed using the Flowjo program (Tree Star).

EV-treated APC phenotypes in the MLR were analyzed by flow cytometry using anti-mouse CD11c (HL3; catalog no. 57400), CD80 (16-10A1; catalog no. 553769), CD86 (GL1; catalog no. 558703), CD40 (3/23; catalog no. 553791), and MHC class II (1-A/1-E; M5/114.15.2; catalog no. 557000) antibodies, and their isotype control antibodies were used as a negative control. All antibodies are from BD Biosciences. A Mouse Treg Detection Kit (Miltenyi Biotec) was used to stain Tregs for flow cytometry analysis.

Real-Time PCR Assay {#sec4.9}
-------------------

For molecular assays, the eyeballs were lysed in RNA isolation reagent (RNA Bee; Tel-Test) and homogenized using a sonicator (Ultrasonic Processor; Cole Parmer Instruments). Total RNA was extracted from the eyeballs or splenocyte culture using an RNeasy Mini Kit (QIAGEN), and double-stranded cDNA was synthesized by reverse transcription (High Capacity RNA-to-cDNA Kit; Applied Biosystems; Life Technologies). Real-time PCR amplification (ABI 7900 Sequence Detector; Applied Biosystems) was performed using TaqMan Universal PCR Master Mix (Applied Biosystems). The PCR probe and primer sets were purchased from Applied Biosystems (TaqMan Gene Expression Assay): *Tnf-α*, *Il-1β*, *Il-2*, *Il-4*, *Il-10*, *Il-6*, *Il-12a*, *Il-17a*, and *Ifn-γ*. For relative quantitation of gene expression, mouse-specific *Gapdh* primers and probe (Mm99999915_g1) were used.

ELISA {#sec4.10}
-----

Mouse insulin in the plasma from NOD/*scid* mice of the T1D model was detected by a Mouse INSULIN ELISA Kit (EMINS; Thermo Fisher Scientific). Mouse IL-12, IL-10, IFN-γ, IL-2, IL-6, and Th17A/F in the culture supernatants were measured by commercial ELISA kits (R&D Systems) according to the manufacturer\'s protocol.
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![MSCs and MSC-derived EVs Delay the Onset of T1D in Mice\
(A) Experimental scheme. On day 0, MSCs (1 × 10^6^ cells), EVs (3 μg or 30 μg), or vehicle control were intravenously (IV) infused immediately after injection of splenocytes from diabetic NOD mice into NOD/*scid* mice. On day 4, MSCs, EVs, or vehicle control were infused again. Mice were monitored for hyperglycemia.\
(B) Diabetes incidence. PBS (n = 18); 3 μg EVs (n = 8); 30 μg EVs (n = 10); HBSS (n = 10); MSCs (n = 10). p Value by Kaplan-Meier estimator.](gr1){#fig1}

![MSC-derived EVs Suppress Insulitis in Islets\
(A) The animals from [Figure 1](#fig1){ref-type="fig"}B were killed on day 58 (EV-treated group) and day 50 (MSC-treated group) for tissue harvesting and blood collection, respectively. Representative H&E staining of the pancreases. Arrows indicate islet-infiltrating immune cells. The control pancreas (Con) was obtained from age-matched NOD/*scid* mice.\
(B) Number of islets in the pancreas per slide (50 mm^2^; the bar represents the mean + SD; ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 by one-way ANOVA with Dunnett\'s Multiple Comparison Test), the percentage of islets in each of the infiltration categories (no insulitis, score 0; peri-insular \[\<25%\], score 1; 25--50% islets infiltrated, score 2; \>50% islet infiltrated, score 3; 100% islet infiltrated, score 4) (^∗∗∗∗^p \< 0.0001 by two-way ANOVA) and insulitis scores (^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001 by one-way ANOVA). Five slides per mouse (three or five mice per group) were analyzed.\
(C) Expression of insulin in the plasma. The bar represents the mean + SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01 by one-way ANOVA with Tukey\'s multiple comparison test.\
(D) Representative immunofluorescence staining for insulin (green) and CD4 (red). Nuclei were counterstained with DAPI (blue). Arrows indicate expression of insulin and arrowheads indicate CD4 signals. Scale bar, 100 μm.](gr2){#fig2}

![MSCs and MSC-derived EVs Prevent Development of EAU in Mice\
(A) Experimental scheme. On day 0, EAU was induced by subcutaneous IRBP injection and intraperitoneal pertussis toxin injection. Right after induction, either MSCs (1 × 10^6^ cells) or MSC-derived EVs (30 μg containing 15 × 10^9^ EVs) were injected into the tail vein. As a control, the same volume of PBS was injected. On day 21, the eyeballs and draining cervical lymph nodes were collected for assays.\
(B) Representative microphotographs of H&E staining of the eyes (100× magnification), and histologic disease scores of retinal pathology.\
(C) Representative microphotographs of CD3 immunostaining of the eyes (100× magnification), and quantitative data of the number of CD3^+^ cells infiltrating the retina and vitreous cavity.\
Dots represent a single animal, and the data are presented as means ± SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗∗^p \< 0.0001 by one-way ANOVA.](gr3){#fig3}

![MSC-Derived EVs Suppress Th1 and Th17 Development in EAU Mice\
(A) Relative quantification (RQ) of Th1 and Th17 cytokines in the eyes of the animals from [Figure 3](#fig3){ref-type="fig"}A with real-time RT-PCR assays. Data (mean + SD) were obtained from six mice per group.\
(B) Representative flow cytometry plots and quantitative results for Th1 and Th17 cells in cervical lymph nodes (CLNs) collected from animals as in [Figure 3](#fig3){ref-type="fig"}A. Dots indicate a single animal in (B).\
The bar represents the mean ± SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 by one-way ANOVA.](gr4){#fig4}

![MSC-Derived EVs Suppress Th1 and Th17 Development in the MLR\
(A) Splenic Th1 cytokine expressions at day 5 (IFN-γ; n = 3 for MSCs and n = 4 for EVs) and day 2 (IL-12 p70; n = 3 and TNF-α; n = 4) in the MLR with or without MSCs or MSC-derived EVs. Ratio of MSCs to splenocytes = 1:15, 1: 30, and 1: 60.\
(B) Th17 cytokine expression at day 2 (IL-6; n = 4) and day 5 (IL-6 and IL-17A/F; n = 3) in the MLR with or without MSC-derived EVs.\
(C) Representative flow cytometry plots of CD4^+^CD25^+^FOXP3^+^ cells in the MLR assay with or without MSC-derived EV treatment. The cells were first gated on CD4 expression and further analyzed for the expression of CD25 and FOXP3.\
(D) Expression of IL-10 at day 5 in the MLR with or without MSC-derived EVs (n = 4).\
Dots indicate independent experiments and all values are means ± SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 by one-way ANOVA.](gr5){#fig5}

![MSC-Derived EVs Suppress Activation of APCs and T Cells in the MLR\
(A--C) Representative flow cytometry plots (A and B) and quantification (C) of CD80, CD86, CD40, and MHC-class-II-positive cells in CD11c^+^ cells on day 2 of the MLR assay with or without MSC-derived EV treatment. The cells were first gated on CD11c expression, and further analyzed for the expression of CD80, CD86, CD40, and MHC class II (n = 3).\
(D) Expression of IL-10 at day 2 in the MLR with or without MSC-derived EVs (n = 3 for control; n = 4 for EVs).\
(E) Quantification of flow cytometry analysis of CD40, and MHC-class-II-positive cells in CD11c^+^ cells on day 2 of the MLR assay with CD11c^+^ responder cells (n = 3).\
(F) Expression of IL-2 and IFN-γ in CD4-positive cells at day 2 upon CD3/28 bead stimulation (n = 4).\
Dots indicate independent experiments and all values are means ± SD. ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001 by one-way ANOVA.](gr6){#fig6}

[^1]: Co-first author
